In the film classic Casablanca, Claude Raines (playing the wry, slightly corrupt Chief Inspector of Police) exclaimed, "I am shocked" upon hearing of illicit behavior by agents within his jurisdiction. After years of evaluating the effects of many known mitogens, anti-mitogens, and other bona fide signaling molecules on neural precursor proliferation (reviewed by McConnell, 1991; Kilpatrick et al., 1995) it may come as a "shock" for many neurobiologists to read, in a paper by LoTurco and colleagues in this issue of Neuron, that y-aminobutyric acid (GABA) and glutamate-the ubiquitous inhibitory and excitatory neurotransmitters of the adult nervous system-can act as illicit (or at least unsuspected) anti-mitogens to regulate cortical neurogenesis.
One of the great unsolved mysteries of neocortical development is how precursor cells in the rudimentary cortical mantle exit the cell cycle in an orderly fashion and become destined for distinct laminar, regional, and functional fates in the mature cortex. From the time that PH]thymidine birthdating studies showed that neural precursors whose progeny are destined for different cortical layers have different times of final cell division (Angevine and Sidman, 1961; Rakic, 1974) through current observations of cellular and molecular asymmetry in the specification of cell division and fate in the cortical ventricular zone (Chenn and McConnell, 1995) it has been clear that a cortical precursor's final exit from the cell cycle is a carefully orchestrated event, most probably elicited by outside agents. This singular event has an impact upon the subsequent migratory behavior of nascent cortical neurons, their laminar destination, and, perhaps, their ultimate cellular identity. As,demonstrated by LoTurco et al., GABA and glutamate can elicit depolarizing currents in cells from the ventricular zone of the embryonic rat neocortex, and both can also cause a decrease in DNA synthesis in the ventricular zone in vitro. These results make an intriguing, but still circumstantial, case that these two amino acids have the opportunity and the means to influence a neural precursors exit from the cell cycle during the initial generation of the neocortical mantle.
It has been known for almost a decade that GABAergic cells and processes (as well as several other neurotransmitter-containing processes) can be found suspiciously close to the ventricular zone (Lauder et al., 1966; Parnavelas and Cavanagh, 1966) . Furthermore, immature cellular contacts have been described between dividing precursor cells in the ventricular zone and a variety of other cellular processes (Stensaas and Stensaas, 1966) . More importantly, cells in the ventricular zone appear to be competent to respond to GABAergic and glutamatergic signals. They express several GABAA receptor isoforms (Laurie et al., 1992) and at least one kainate receptor subunit of theglutamate receptorfamily (Herbet al., 1992) . Consequently, shock at this intriguing news of antimitotic and perhaps physiological actions for GABA and glutamate on proliferative cells in the neocortical ventricular zone might be slightly disingenuous.
Clearly, neural precursor cells in the developing cortical mantle have access to cellular and molecular machinery that might allow them to receive and respond to GABAergic and glutamatergic signals (Figure 1) .
The effects of GABA and glutamate on cortical neural precursors proposed by Lo Turco et al. join a fairly long list of physiological and cell biological consequences of neurotransmitter signaling in the developing central nervous system. GABA, glutamate, and their pharmacological agonists and antagonists have been long suggested to have toxic effects on the developing nervous system. Furthermore, both of these neurotransmitters can influence several essential aspects of neuronal maturation in vitro and in vivo. GABA and glutamate have been shown to influence neuronal survival, growth cone pathfinding, and neuroblast movement, including migration on radial glia (Lipton and Kater, 1969; Komuro and Rakic, 1993; Behar et al., 1994) . One assumption, rarely tested using the rigorous physiological and pharmacological assays employed by LoTurco et al., has been that during development these neurotransmitters act through their known receptors to cause postsynaptic depolarizing or hyperpolarizing responses much like those in adult neurons. This mechanism provides an appealing link between activity and signaling during the intermediate phases of regional, cellular, and circuit development in the cerebral cortex.
LoTurco et al. show that both GABA and glutamate can influence conductances in ventricular zone cells via GA-BAA-and AMPAlkainate-type receptors (but not the NMDA-type!), respectively. The pharmacology of the responses is consistent with the identification of these two ligand-receptor pairings. At first, the depolarizing, rather than hyperpolarizing, influence of GABA may seem mysterious. Young neurons (and perhaps neural precursors) might have somewhat higher internal Cl-concentrations, and this difference could account for the currents seen in ventricular zone cells in response to GABA. Despite some lingering questions about the mechanism through which GABA and glutamate act, the circumstantial evidence is compelling enough: the receptors are there, the conductances change, and in response to either GABA or glutamate in vitro, DNA synthesis is apparently diminished. The authors suggest that these two transmitters may arrest the cell cycle at the Gl to S phase. They do not, however, establish firmly the identity of the responsive cells in the ventricular zone, nor do they suggest whether this signaling is synaptic (thus dependent on cell-cell contact) or neurohumoral (thus less constrained spatially). GABA and glutamate reflect a direct or indirect effect on dividing cells? Is either GABA or glutamate available in sufficient amounts in vivo to reproduce the in vitro effects? Does this potential regulation reflect specific activation of a subset of responsive cells, or are GABA and glutamate permissive signals that provide a final readout for an already determined fate? LoTurco et al. and others working in this field have yet to answer these as well as several other important questions. Nonetheless, given the current circumstantial evidence, further investigation is warranted.
Perhaps the most intriguing question yet to be answered is how GABA and glutamate exert their potential effects on the regulation of cell proliferation. A provisional answer is that both transmitters elicit depolarization-dependent increases in intracellular Ca2+. Thus, GABA and glutamate might activate intercellular regulatory cascades that lead to posttranslational modification of existing proteins as well as to changes in gene expression in cortical neural precursors. The evidence for Ca*+ is still quite preliminary. While the observations using CaZ+-sensitive dyes are suggestive, the pharmacology still doesn't quite support a straightforward involvement of voltage-gated Ca*+ channels in the modulation of cortical proliferation. Of all the known blockers of Ca2+ channels, Lo Turco et al. report that only lanthanum blocks the GABA-and glutamatedependent change in intracellular Ca2+. The lack of specificity of lanthanum-it can block excitatory amino acid receptors and influence responses to GABA-may complicate the interpretation of these results. Given the ubiquitous nature of Ca*+ signaling, it is difficult to conclude that this mechanism specifically modulates proliferation in cortical neural precursors. Besides cell proliferation, changes in intracellular Ca'+ could also influence cell motility, expression of cell surface receptors, expression and activity of adhesion molecules, cell survival, and programmed cell death. There is, however, well-established precedent for changes in intracellular Ca*+ influencing the cell cycle, and thus cell proliferation (Newport and Kirschner, 1984) . Accordingly, GABA-and glutamate-induced Ca*+ changes, and the resulting intracellular signaling, provide a plausible mechanism for regulating proliferation in neocortical precursor cells in the ventricular zone.
Once the activity of GABA and glutamate is widely known, several other transmitters may turn themselves in. In addition to GABAergic and glutamatergic axons, terminals, and receptors, many other peptidergic and aminergic neurotransmitters have been seen in the ventricular zone, the intermediate zone, or the subplate during cortical neurogenesis (Chun et al., 1987; Lauder, 1993) , and these transmitters might also contribute to the control of cell proliferation via changes in excitability. If the regulation of intracellular Ca2+ is indeed the final signaling pathway by which changes in excitability act, then one can imagine that multiple transmitter systems, distributed differentially throughout the developing cortical mantle, might exert different degrees of mitotic control. Such differences might help to generate the axial gradients seen in cortical neurogenesis in rodents (Bayer and Altman, 1991) and the regional isochronicities seen between distinct cytoarchitectonic zones in carnivores and primates (Rakic and Goldman-Rakic, 1982) . Furthermore, if the establishment of different cortical areas relies upon timing, then distinct combinations of neurotransmitter-containing axons within presumptive cytoarchitectonic zones, asynchronous onset of activity in these axons, and local regulation of receptor expression might provide molecular specification to set the clock.
For the past decade, neurotransmitters, adhesion molecules, mitogenic peptide hormones, neurotrophins, and their receptors have all been implicated in the regulation of cortical neurogenesis. Several investigators have staged exhaustive (and more or less unsuccessful) searches for novel molecules that regulate cell proliferation and specification in the cortical ventricular zone. Recent success in identifying several novel signaling molecules that patticipate in inductive interactions in the early developing nervous system give some hope that this approach will contribute to establishing a more complete list of factors that influence the generation of neuronal diversity in the cerebral cortex. Nevertheless, changes in excitability mediated by the same neurotransmitters, receptors, and channels that depolarize and hyperpolarize adult neurons have sometimes been overlooked as a potential agent for this essential event in cortical development. The observations of LoTurco et al., along with the recent identification of a voltage-gated K' channel as the culprit that compromises neuronal migration in the Weaver mutation (Patil et al., 1995) , cast new light on the role of adult mechanisms of excitability in modifying the developmental fate of cortical cells. GABA, glutamate, and Ca2+ thus seem a fairly reasonable trip of perpetrators for regulating some aspects of cortical neurogenesis. It seems increasingly likely that the developing brain uses the same signals and signal transduction mechanisms-whether neurotransmitters and their receptors, neurotrophins and their receptors, or any other ligand-receptor combination-for different purposes at different times. Searching for new molecules is still important, but the history of ihis approach to date is filled with a paucity of leads and even fewer positive identifications. So, perhapsone must rememberthis: when considering the molecular mechanisms of important events in cortical development, it may be wise to paraphrase Claude Raines (or actually Julius and Philip Epstein, who along with Howard Koch wrote the Casablanca screenplay) and aver without a trace of irony, "Developing cortical cells have been signaled to stop dividing....Round up the usual suspects."
